INTRODUCTION
Recently, Advanced LIGO has made the first detection of gravitational waves (GWs) and opened a new window to explore very energetic events (Abbott et al. 2016a ). The event responsible for the GWs revealed by this first detection, GW150914, was the merger of black holes (BHs) in a binary system and it has been followed by four more detections of merging binary BHs (BBHs, Abbott et al. 2016b Abbott et al. ,c, 2017a and one merging binary neutron stars (Abbott et al. 2017c) .
A number of different scenarios for the formation of these merging compact binaries have been proposed so far; the different formation mechanisms proposed have invoked isolated binary evolution (e.g. Belczynski, Kalogera & Bulik 2002; Belczynski et al. 2007 ; Dominik et al. 2012 ), three-body interactions in dense stellar ⋆ E-mail: jongsuk.hong@pku.edu.cn (JH) systems (e.g. Portegies Zwart & McMillan 2000; O'Leary et al. 2006; Rodriguez et al. 2016a; Samsing, Askar & Giersz 2018) , the orbital evolution of hierarchical systems (e.g. Aarseth 2012; Antonini, Murray & Mikkola 2014; Antonini et al. 2016; Hoang et al. 2018; Rodriguez & Antonini 2018) , relativistic captures (e.g. O'Leary, Kocsis, & Loeb 2009; Hong & Lee 2015; Bae et al. 2017; Gondán et al. 2018) . As for the environment in which these compact binaries might form, the scenarios proposed include globular clusters (GCs, Banerjee, Baumgardt & Kroupa 2010; Downing et al. 2011; Tanikawa 2013; Bae, Kim & Lee 2014; Rodriguez et al. 2015; Rodriguez, Chatterjee & Rasio 2016; Fujii, Tanikawa & Makino 2017; Askar et al. 2017; Park et al. 2017; Belczynski et al. 2017 Belczynski et al. , 2018 Samsing 2018) , young/open clusters (e.g. Ziosi et al. 2014; Banerjee 2017 Banerjee , 2018 c 0000 RAS An important aspect concerning the formation of BHs is the mass fall-back after the supernova explosions. As discussed by Belczynski, Kalogera & Bulik (2002) , this fall-back (i.e., failed supernovae) mechanism can increase the remnant BH masses and reduce the natal kicks, which, in turn, can lead to a larger fraction of BHs retained inside the host stellar system (Morscher et al. 2015; Wang et al. 2016; Rodriguez et al. 2016b; .
The retention of a large number of BHs can significantly influence not only the internal dynamics (e.g. Breen & Heggie 2013) but also the observational properties of star clusters (e.g. Mackey et al. 2008; Weatherford et al. 2017; Kremer et al. 2018; Li & Hong 2018; . The retained BHs in a dense stellar system rapidly sink to the centre of the system due to the effects of dynamical friction and form a compact subsystem predominantly composed of BHs, on a timescale of few hundreds Myr (Morscher et al. 2013 ). Due to its short relaxation timescale, a BH subsystem quickly undergoes core collapse and generate energy through the formation and dynamical interactions of BBHs (Breen & Heggie 2013) . Recoil velocities acquired during binary-single and binary-binary interactions can result in BHs ejection from GCs, and some numerical studies (e.g. Morscher et al. 2015; Park et al. 2017) suggested that ∼30% of dynamically escaping BHs are in binary systems, some of which are expected to merge within the age of the Universe. Moreover, Askar, Arca suggested that some massive Galactic GCs (GGCs) are still harbouring a large number of BHs and that the formation and ejection of BBHs can still be ongoing in those GGCs. The BBHs' properties as well as the merger and detection rates of these BBHs are significantly affected not only by the global properties of host GCs such as the initial mass, size and the metallicity (e.g. Rodriguez, Chatterjee & Rasio 2016; Askar et al. 2017; ) but also by the GC's stellar initial mass function and the prescriptions for the mass fall-back and the stellar wind (see e.g. , and the references therein).
In this paper, we present an analysis of the survey of MonteCarlo simulations of GCs evolution from Hong et al. (2017) and of another set of simulations performed specifically for this paper aimed at a detailed characterization of the link between the properties of BBHs formed in GCs and the structure of the host GCs. Understanding the connection between the properties of the BBHs and those of their host GCs is an important step for more realistic estimates of the merger rate of BBHs. We extracted the information of all escaping BBHs from our GC simulations and found some empirical relations between the properties of merging BBHs and those of the host GCs. These relations provide an essential ingredient to estimate the merger and detection rates of BBHs for any assumed GC system properties and GC formation rate. We also provided examples of estimates of the local merger rate density for various assumptions concerning the properties of GC systems.
The structure of this paper is as follows. We briefly describe the numerical method, the initial conditions and assumptions of our GC simulations in Section 2. The relations between the properties of merging BBHs and those of the host GC are presented in Section 3. In Section 4, we then estimate the local merger rate density based on these relations. We conclude with a summary of our results in Section 5.
METHODS AND INITIAL CONDITIONS
The models used for this study are those of the survey of MonteCarlo simulations presented in Hong et al. (2017) . The simulations followed the evolution of 81 cluster models with a variety of initial number of stars (N = 2 × 10 5 , 5 × 10 5 , 10 6 ), half-mass radii (r h = 1, 2, 4 pc), binary fractions (10, 20, 50 per cent) and galactocentric distances (rG = 4, 8, 16 kpc) (see Table 1 in Hong et al. 2017 ) and were run with the MOCCA code . The initial density structure of clusters follows the King (1966) density profile with the dimensionless central potential, W0 = 7. We have adopted Kroupa (2001) initial mass function with the mass range of stars from 0.1 to 100 M⊙. The metallicity is fixed to Z = 0.001 for all our simulation models. All single and binary stars in the simulations evolve according to the stellar evolution recipes (SSE & BSE, Hurley, Pols & Tout 2000; Hurley, Tout & Pols 2002) implemented in the MOCCA code. We used the stellar wind prescription of SSE and BSE. In all of our simulations, we adopt the mass fallback mechanism (Belczynski, Kalogera & Bulik 2002 ) modifying the natal kicks for BHs.
All our GC simulation models are limited by the tidal field from the host galaxies with a realistic treatment of escaping stars based on Fukushige & Heggie (2000) (see also Giersz et al. 2013) . For the parameter spaces of the initial conditions considered in Hong et al. (2017) , the ratio of the half-mass radius to the tidal radius for the GC simulation models ranges from 0.005 to 0.09.
In Hong et al. (2017) , we used the initial binary distribution (e.g. eccentricity, semi-major axis and the mass ratio) based on the initial binary population (hereafter IBP) in which the orbital parameters of short-period proto-binaries are redistributed by mutual interactions between binary components (e.g. mass transfer and tidal circularization) due to the large stellar radii during pre-main-sequence stage as suggested by Kroupa (1995) (see also Kroupa et al. 2013) .
1 As the results of this proto-binary evolution, short period binaries with large eccentricity are preferentially depleted and tend to have similar masses. For this study, we have also run another set of 81 simulations with the birth binary population (hereafter BBP) from Kroupa (1995) that follows the Duquennoy & Mayor (1991) period distribution and the thermal eccentricity distribution to investigate the effects of the initial orbital properties of primordial binaries on the formation, dynamical evolution of BBHs and the rate of merger events among these BBHs from GCs.
BBH MERGERS FROM GC SIMULATION MODELS

Correlation between the number of BBH mergers and GC properties
We first focus on the presentation of our results for the simulations with the IBP distribution. After 12 Gyr of evolution, the 81 GC models explored for this study produced 9519 escaping BBHs and 3402 of them emit GWs and merge within 12 Gyr. To illustrate the dependence of the GW events on the properties of the host GCs in which the BBH formed, we show the correlation between the number of merging BBHs, Nmerg and the initial properties of GCs in Fig. 1 . We determine the number of BBH mergers that escape from GCs and subsequently merge within 12 Gyr, i.e., tmerg ≡ tesc + tPeters < 12 Gyr, where tesc and tPeters are, respectively, the BBH escaping time and the Peters (1964) timescale for GW coalescence of BBHs calculated using their semi-major axis and eccentricity at the moment of escape. We found that the number of merging BBHs is closely correlated with a parameter, γ, defined as
where M0, ρ h and f b,0 are, respectively, the initial total mass, initial half-mass density (i.e., mean density within the half-mass radius) and the initial primordial binary fraction; A, B and α are the fitting parameters. Our best fitting result that minimizes the χ 2 Figure 3 . Same as Fig. 1 but for only dynamical BBH mergers that form dynamically inside GCs by three-body or exchange encounters and subsequently escape.
value is (A, B, α) = (12.53±0.22, 6.89±0.84, 0.33±0.02). The uncertainty on the best-fit parameters is determined by calculating the values for which χ 2 = χ 2 min + 1 (Avni 1976 ) by assuming that the χ 2 distribution in 1D parameter space is simply a quadratic function. Eq. (1) implies that there are two main formation channels for BBH mergers from GCs; one, the primordial channel, is related only to the primordial binary fraction and binary stellar evolution and is described by the second term of Eq. (1). The other channel is affected by the cluster's internal dynamics and its contribution to the total number of merging BBHs is described by the first term in Eq. (1) (hereafter we will refer to this as the dynamical channel). The number of BBH mergers from the primordial channel, Nmerg,p, depends, as was to be expected, only on the initial binary fraction and the total mass of GCs. The number of merging BBHs from the dynamical channel, N merg,d , on the other hand is the result of the combined effects of a number of processes affected by a variety of structural parameters (e.g. encounter rates, hardening rate per encounters, central velocity dispersion, ejection rate, etc.); our results show that the number of merging BBHs resulting from the complex interplay of all these processes is well described by a parameter with a simple dependence on the cluster's mass and half-mass density.
We point out the number of merging BBHs does not show any significant dependence on the galactocentric distance. For the compact clusters explored in our survey, this is to be expected as the population of merging BBHs escape from clusters as a result of either natal kicks following supernova explosion or ejection from close encounters in the cluster's inner regions. The galactocentric distance and the strength of the tidal field, on the other hand, are relevant for the more gradual evaporation process which is not important for the BBH population studied here. Note, however, that there is a broad trend of metallicity with galactocentric distance (e.g. Djorgovski & Meylan 1994 ) that can affect the properties of BH populations and the formation of BBHs accordingly.
In order to better illustrate the relative importance of the two channels, we have divided the merging BBHs escaping from our GC simulation models into two groups according to their origin. We have classified BBHs that escape through the natal kick after supernova explosions as merger candidates with the primordial ori- Figs. 2 and 3 show the dependence of the number of primordial and dynamical BBH mergers on, respectively, γpri and γ dyn , the two terms already introduced in the definition of the parameter γ in Eq. (1),
The best fitting parameters are (A, α) = (12.30±0.44, 0.33±0.01) for dynamical BBH mergers and (B) = (6.64±0.25) for primordial BBH mergers, separately. It is apparent that the best-fit parameters calculated for the two merging BBH population separately are very similar to those obtained from fitting all the BBH mergers together.
For models with the BBP distribution, we find 6755 BBHs escaping from GCs in total and 2382 of them merge before 12 Gyr. In Fig. 4 , we show the relation between Nmerg and γ for the simulations with the BBP distribution. The best fitting parameters for this set of simulations are (A, B, α) = (14.55±0.31, -0.03±0.03, 0.38±0.01). For the BBP distribution, we obtained only 1 primordial BBH merger while all the other BBH mergers have a dynamical origin and this explains the lack of dependence of the number of merging BBHs on the initial binary fraction. This is due to the pairing of primordial binary components of massive stars. For the BBP distribution, we used a uniform pairing so that the masses of secondary stars are uniformly chosen in between [mmin, mpri] . For the IBP distribution with mass feeding algorithm (Kroupa et al. 2013 ) used in the simulations, the pairing rule for the massive binaries is different. Some theoretical studies (e.g. Bate 2000; Bate, Bonnell & Bromm 2002; Krumholz & Thompson 2007) for the formation of massive binaries in star forming regions show that massive binaries tend to evolve to the mass ratio q ∼ 1 during the proto-binary stage (note that, however, some mechanisms such as the magnetic breaking during proto-binary evolution can prevent the evolution of mass ratio of proto-binaries toward q ∼ 1; see e.g. Zhao & Li 2013) . GC simulation models with IBP distribution in this study adopted this condition so that the massive binaries (especially for m > 5M⊙) that can be the progenitors of BHs are more likely to have q ∼ 1 and evolve to BBHs.
2 On the other hand, with the BBP distribution, massive stars are initially coupled with less massive stars and therefore require exchange encounters to become BBHs.
Figs. 5 and 6 show the correlation between Nmerg and the current (at T = 12 Gyr) GC properties for models with different initial binary distributions. We only present the correlation for dynamical BBH mergers in this figure. The best fitting parameters of Eq. (2) for the correlation between the number of dynamical BBH mergers and the current GC properties are (A, α) = (303.1±6.1, Figure 7 . Time evolution of BBH merger rate normalized to the average merger rate over 12 Gyr. Different colors for histograms represent the time evolution of merger rates from GC simulation models with different initial number of stars. Solid lines show the best fitting results (see Section 3.2 for further details).
0.43±0.02) for the IBP distribution and (A, α) = (527.7±11.1, 0.52±0.02) for the BBP distribution, respectively. This relation can be used to estimate current merger rate for the MW GCs or Local Group GCs (see Section 4.3). The values of A and B in the relation with the current GC properties are larger than those obtained when the initial GC properties are used because the current masses of GCs are smaller than the initial ones.
Time evolution of merger rates
In the previous section, we provided a relation between the (initial or current) GC properties and the expected number of BBHs that escape from GCs and merge by emitting GWs within 12 Gyr. However, many numerical studies aimed at the estimation of the merger rate of BBHs from GCs have shown that the merger rate is time-dependent (e.g. Askar et al. 2017; Fujii, Tanikawa & Makino 2017) . Since one of our main goals is to provide an empirical relation that allows to calculate the merger rates and the detection rates of BBH merger events from GCs, we have also calculated a model for the time dependence of the rate of BBH mergers from GCs. In Fig. 7 , we present the histograms of the merging time, tmerg, of BBHs, with the numbers normalized to the merger rate averaged over the 12 Gyr of evolution. This figure clearly shows that the merger rate decreases with time very rapidly. Initially the merger rate is as high as 10 times the average merger rate while the merger rate at 12 Gyr is ∼5 times lower than the average merger rate. We found that the time evolution of the merger rate is well described by the following expression,
where R is the average merger rate over 12 Gyr, and a, b and c are the fitting parameters. R is defined as the number of mergers per unit time bin. Our best-fit parameters for the time evolution of the merger rate are (a, b, c) = (13.01±3.00, 4.14±0.19, 0.35±0.04) for the IBP distribution. In order to test the dependence of the best-fit parameters on the cluster's initial number of stars, we repeated the fit for subsets of the simulation data with different initial number of stars (N = 2 × 10 5 , 5 × 10 5 and 10 6 ) and found that the time evolution of the normalized merger rates does not significantly depend on the initial number of stars in GCs. We also tested other subsets with different half-mass radii, galactocentric distances, binary fractions and we did not find any significant discrepancy from the best fitting parameters obtained for the entire survey of simulations.
In Fig. 8 , we present the time evolution of the merger rates for BBHs with different formation origins and find some differences between the primordial and dynamical BBH merger rates. Since the progenitor BBHs for primordial mergers form in a very short time interval during a GC's early evolution (T < 30 Myr), the merger rate decreases more rapidly than that for dynamical BBH mergers. The best-fit results are (a, b, c) = (21.80±8.82, 5.33±0.29, 0.29±0.05) for primordial mergers and (a, b, c) = (6.15±1.23, Figure 9 . Distribution of chirp masses, M chirp of merging BBHs escaping from GC simulation models. Black line shows the distribution of all BBH mergers from GC simulation models with the IBP distribution. Blue and red lines are for primordial and dynamical BBH mergers, respectively. Dotted line shows M chirp distribution of BBH mergers from models with the BBP distribution. Thin and thick lines represent M chirp distribution for the BBH mergers throughout all look-back time and those merging in the local Universe (z 0.2), respectively. Note that the model lines correspond to merger rate densities and are not corrected for observational selection effects. The M chirp of 5 GW events that have been detected by LIGO so far are marked with the range of 90 per cent confidence intervals (data from https://losc.ligo.org/events/).
3.27±0.17, 0.51±0.06) for dynamical mergers. For the BBP distribution, the best-fit parameters are (a, b, c) = (7.96±2.03, 3.54±0.21, 0.42±0.06), similar to the parameters found for the dynamical BBH mergers in models with the IBP distribution. We summarize our results for the correlation between Nmerg and GC properties and the time evolution of the merger rates in Table 1 .
Chirp mass and mass ratio of BBH mergers
In this section we investigate some fundamental properties of the merging BBHs. Fig. 9 shows the distribution of chirp masses, M chirp ≡ (m1m2) 3/5 (m1 + m2) −1/5 of merging BBHs. It is interesting to note that the chirp mass distribution for BBH mergers throughout all look-back time, t lb and that for BBHs merging in the local Universe with red-shift, z 0.2 (i.e., t lb 2.4 Gyr with standard cosmological parameters assumed) are slightly different because the formation and merging timescales depend on the mass of BBHs . In Fig. 9 we also plot the values of the chirp masses of BBH mergers detected by LIGO so far and show that they approximately fall within the range of values corresponding to the broad peak in the distribution of M chirp for merging BBHs. As illustrated by this figure, for the set of simulations considered in this paper the high-M chirp events are likely to belong to the dynamical BBH groups while the low-M chirp could be either primordial or dynamical BBHs. It is also possible that these low-M chirp sources come from metal-richer environments (see e.g. Arca Sedda & Benacquista 2018) .
We point out that the distribution of M chirp of dynamical BBH mergers for the IBP distribution is almost identical to that for the BBP distribution (which has only dynamical BBH mergers). This implies that the host GC dynamics is the key factor determining the BBH mergers' properties and differences between the IBP and the BBP initial properties of primordial binaries do not play an important role in the chirp mass of the BBH mergers. It is interesting to note that recent numerical studies Samsing, Askar & Giersz 2018) for GCs with post-Newtonian calculations for BBHs suggested that mergers of BBHs can occur inside GCs and the merger product can form a binary with other BHs and merge again in/outside of clusters (see also Morawski et al. 2018 , for the retention of in-cluster BBH mergers). The mass distribution of merging BBHs, especially for high masses, will be affected by this process. Fig. 10 shows the distribution of the M chirp versus the mass ratio q (≡ m2/m1, where m1 > m2) of BBH mergers from models with the IBP distribution. The sequence of blue points corresponds to the primordial BBH mergers obtained with the binary stellar evolution and the mass fall-back mechanism used in the simulations (see Section 2). Three overdense regions in this plane can be easily identified at M chirp ∼ 20 and q ∼ 1, M chirp ∼ 13 and q ∼ 0.55, M chirp ∼ 10 and q ∼ 1, respectively. This features are related to the shape of the mass function of BHs produced in our simulations, which has a bi-modal distribution with peaks at mBH ∼ 12 and 24 M⊙. In the upper panel in Fig. 10 , the distribution of q shows that dynamical BBH mergers tend to have similar masses (see also Amaro-Seoane & Chen 2016; Rodriguez, Chatterjee & Rasio 2016; Park et al. 2017) . It is interesting to point out the presence of a sequence of BBH mergers with high-M chirp and low-q. This group comprises BHs that may have increased their mass due to mergers with other stars or black holes. In the latter case, it may be possible that some of the merger remnants may already have been ejected from the host stellar sys-tem due to gravitational wave recoil kicks Morawski et al. 2018 ).
An important general point to emphasize is that the M chirp distribution of merging BBHs strongly depends on the metallicity (Rodriguez, Chatterjee & Rasio 2016; Askar et al. 2017; Giacobbo, Mapelli & Spera 2018) . The metallicity affects not only the number of BHs produced, the number of BBH mergers but also the mass range of BBHs. However, pointed out that the M chirp distribution of BBHs formed dynamically and merging in the local Universe (z 0.2) does not depend on metallicity for Z 0.001.
We note that the masses of BHs depend also on the single and binary stellar evolution recipes, 3 and, in particular, on the fallback prescription (e.g. Fryer et al. 2012; Spera, Mapelli & Bressan 2015) . Additional observations and numerical simulations are therefore needed to constrain the values of the BH masses after supernova explosions.
MERGER RATE DENSITY
In this section we estimate the merger rate density of BBHs escaping from the GCs using the empirical relations obtained in the previous sections. Since the relation between the expected number, the mass distribution and the time evolution of the rates are different for primordial and dynamical BBH mergers, we calculate the merger rates separately for BBH mergers with different origins.
Rate density for primordial BBH mergers
To estimate the merger rate density, we follow the calculation of Askar et al. (2017) (see also Bulik, Belczyński & Rudak 2004) . For this calculation, we use the merging time and the chirp mass for each primordial BBH that will merge within 12 Gyr from all the simulation models. Having this data and the total and average initial mass of all simulated GCs, we can estimate the merger rate density per unit chirp mass using a GC star formation rate as a function of redshift and the contribution of the merger rate from individual GCs to the rate density according to the age distribution of GCs based on the GC star formation history. For this purpose, the GC star formation rate estimated by Katz & Ricotti (2013) has been adopted in this calculation.
We already pointed out that the number of primordial BBH mergers depends on the initial mass and binary fraction of GCs. If we simply assume that the initial binary fraction is universal for all GCs, the merger rate density for primordial BBHs only depends on the GC formation rate. The number of primordial BBH mergers over 12 Gyr based on the IBP distribution is ∼6.64f b,0 per 10 5 M⊙ from Eq. (3) and its best-fit parameters. On the other hand the number of primordial BBH mergers from the simulations with the BBP distribution is very small and we estimate the contribution of primordial BBH mergers to be negligible in this case. Our estimate 3 Note that the common-envelope phase (CEP) is also important for the binary stellar evolution and the formation of compact binaries (e.g. Belloni et al. 2017a; . In this study we used the CEP parameters, α CE = 3 and λ = 0.5. However, recent studies (e.g. Belloni et al. 2017a ) suggested α CE ∼ 0.5, and lower α CE and λ value may lead to more binary mergers during the CEP and the subsequent production of single BHs. The uncertainty in the value of these parameters may affect the number of primordial BBHs and the mass distribution of merging BBHs from GCs. of the number of mergers per unit mass is consistent with that in Giacobbo, Mapelli & Spera (2018) with similar metallicity. From this number it follows that the local merger rate density of primordial BBHs ranges from 0.18 to 1.8 Gpc −3 yr −1 for an initial binary fraction ranging from 10 to 100 per cent.
Rate density for dynamical BBH mergers from initial GC properties
In order to estimate the merger rate density for dynamical BBH mergers from our empirical relations, we first need to calculate the number of BBH mergers per unit GC mass. For the calculation of the number of dynamical BBH mergers we need to make an assumption on the initial GC mass and size distribution and then combine these with our estimate of the number of dynamical BBH mergers from Eq. (2). For the initial GC mass function (ICMF), we adopt a Schechter (1976) function
where β = 2 (Zhang & Fall 1999; Bik et al. 2003; Hunter et al. 2003) and M * is the exponential cut-off mass of the ICMF. We consider different combinations of the minimum mass of GCs, Mmin = 10 3 , 10 4 M⊙ and exponential cut-off mass M * = 10 6 , 10 6.5 M⊙ (for the selection of M * , see e.g. Johnson et al. 2017) .
No firm prediction on the distribution of the initial sizes of GCs is currently available. Instead, we tried to find a realistic distribution of the initial size of GCs from the observations of young massive clusters (YMCs) in extra-galactic systems although it is possible that old GCs forming in the early Universe formed with a different size distribution. There are a number of observational studies (e.g. Hwang & Lee 2010; Bastian et al. 2012; Ryon et al. 2015) showing that the effective radii of YMCs tend to increase with the YMC's age. This might be due to the combined effects of the primordial gas expulsion, initial mass loss by the stellar evolution and/or the presence of a significant number of retained BHs (e.g. Mackey et al. 2008) . By correcting the age dependence of the effective radii of YMCs in M83 (Ryon et al. 2015) , we obtain a lognormal distribution of the initial half-mass radius with σ = 0.4 and r h = 2.8 pc which is comparable with the initial half-mass radii used in the numerical simulations by Chatterjee et al. (2010 Chatterjee et al. ( , 2013 reproducing the distribution of GGCs.
Many studies of YMCs found that there is a weak correlation between the mass and the effective radius of YMCs (e.g. Zepf et al. 1999; Larsen 2004; Hwang & Lee 2010; Marks & Kroupa 2012; Ryon et al. 2017) . We take the relation for the average value of the initial half-mass radius, r h /pc = 2.8 × (M/10 4 M⊙) Larsen (2004) . In order to investigate the effects of the initial size distribution on the merger rate density, we consider another distribution of the initial half-mass radius, r h /pc = 0.33× (M/10 4 M⊙) 0.13 from Marks & Kroupa (2012) , which is much smaller that the previous one (note that these "small" and "large" size distributions are roughly consistent with the half-mass radii for massive clusters and open clusters/associations from the simulations for the cluster formation done by Fujii & Portegies Zwart 2016) . We, however, ignore the effects of the host galaxy tidal field on the initial distribution of half-mass radii since there is no correlation between the effective radii and galactocentric distances of YMCs found in nearby galaxies (Ryon et al. 2017 ). Madrid, Hurley & Sippel (2012) also showed that the galactocentric distance does not significantly affect the early (less than a few hundreds Myr) evolution of half-mass radii of star clusters.
Using the initial mass and size distributions discussed above, we can estimate the expected number of dynamical BBH mergers per GC masses through Eq. (2) and its fitting parameters as
where MGCSF is the total mass of all GCs, and N (M ) and N (r h ) are, respectively, the mass and half-mass radius distribution of initial GC systems (and in which, as explained above, the mean of the half-mass radius distribution depends on the cluster mass).
For the different ICMF we have considered, we find that the total number of dynamical BBHs mergers per unit mass over 12 Gyr based on the "large" size distribution (Larsen 2004 From these estimates, the corresponding local merger rate densities for the different ICMF are 1.91 (1.73), 1.64 (1.45), 1.52 (1.34) and 1.31 (1.13) Gpc −3 yr −1 , respectively. We point out that the ratio of the local merger rate density to the number of mergers per GC masses for dynamical BBHs is larger than that for primordial BBHs due to the chirp mass distribution and time evolution of the merger rates (see Figs. 8 and 9 ).
We also emphasize that the local merger rate density for dynamically-formed BBHs does not show any significant dependence on the binary distributions and weakly dependent on the ICMF with a variation for the different ICMFs considered of a factor of 2. Along with the local merger rate density for primordial BBHs, our calculation of local merger rate density of ∼4 Gpc −3 yr −1 is consistent with that of ∼5 Gpc −3 yr −1 from other literature (e.g. Rodriguez, Chatterjee & Rasio 2016; Askar et al. 2017) . Some discrepancies may be due to the different distribution of GC models.
For more compact initial size distribution of GCs suggested by Marks & Kroupa (2012) , we obtain the merger rate density of 14.3 (17.5), 12.6 (15.1), 11.7 (13.9) and 10.3 (12.0) Gpc −3 yr −1 , respectively for GC models with the IBP (BBP) distribution with the different ICMF. The merger rate density is larger for the BBP distribution because the expected number of dynamical BBH mergers has stronger correlation with the initial density of GCs. The many more additional detections of BBH mergers will be needed to shed light on the initial binary distribution in GCs as well as the distribution of the initial properties of GCs.
We point out that the mass distribution and the merger rate are nearly independent of the metallicity for Z 0.001 for either primordial (Giacobbo, Mapelli & Spera 2018) or dynamical ) BBH mergers. By combining the GC star formation history from Katz & Ricotti (2013) and the red-shift metallicity relation from Belczynski et al. (2016) , we expect that approximately 10% of GCs especially forming at lower red-shift (z ∼ 2-3) will be affected by the effects of metallicity. Although we fixed the metallicity to Z = 0.001, there will not be significant effects of cosmological metallicity variation on the estimation of the local merger rate density.
Rate density for dynamical BBH mergers from current GC properties
In Section 3.1, we discussed the correlation between the expected number of dynamical BBH mergers and the current GCs' mass and half-mass density. Combining the correlation and the distribution Figure 11 . Present-day distribution of GCs in the half-mass density and the mass of GCs. Red dots are the Milky Way GCs from the Harris (1996) GGC catalog assuming that the mass-to-light ratio for all GCs is equal to 2 and the half-mass radius is equal to ∼1.7 of the projected half-light radius in the catalog. Grey dots are modeled GCs following an evolved Schechter function GCMF (Jordán et al. 2007 ) and a log-normal distribution with r h = 6.1 pc and σ = 0.63 for the distribution of the half-mass radius. Dashed lines indicate the expected number of dynamical BBH mergers produced in the individual GCs over 12 Gyr lifetime.
of observed GCs, we also can estimate the merger rate density for BBH mergers originating from surviving GCs. To reproduce the mass distribution of GGCs, we generated the GCMF following an evolved Schechter function (Jordán et al. 2007 ),
where ∆ is a factor for the mass loss of GCs, and Mc is the exponential cut-off mass for the GCMF. We adopted the values of ∆ = 10 5.4 M⊙ and Mc = 10 5.9 M⊙ from Jordán et al. (2007) . In Fig. 11 , we show the distribution of GGCs from Harris (1996) catalog in the MGC-ρ h plane. We simply assumed that the mass-to-light ratio Υ = 2 and the half-mass radius r h =∼ 1.7R hl (where R hl is the projected half-light radius, see Chatterjee et al. 2013 ) for all GGCs. We then distributed the half-mass radius of GCs at present-day by using a log-normal distribution with parameters r h = 6.1 pc and σ = 0.63 which give a best-fit with the distribution of Harris (1996) GGCs in the MGC-ρ h plane. Dashed lines in this figure indicate the expected number of dynamical BBH mergers generated from the individual GCs over 12 Gyr cluster lifetime. Many of GGCs are expected to produce between ∼10 and ∼ 1000 BBH mergers within 12 Gyr.
To compute the local merger rate density from the expected number of BBH mergers from current GCs properties, γ dyn,12 from Eq. (2) and the distributions of GCs' present-day properties introduced above, we need the number density of GCs, ρGC in the local Universe. We simply adopt 0.33, 0.77 and 2.31 Mpc −3 (Rodriguez, Chatterjee & Rasio 2016) for conservative, standard and optimistic assumptions of ρGC, respectively. We obtain the local merger rate densities for dynamical BBH mergers are 0.63, 1.46 and 4.39 Gpc −3 yr −1 for conservative, standard and optimistic cases, respectively, assuming the age of all GCs is 12 Gyr. The merger rate at the present-day has been corrected by using the Eq. (4) for the case of dynamical BBH mergers (i.e. R ∼ 0.24 R ). Table 2 . Estimate of the local merger rate density, R local . We used the GC star formation rate from Katz & Ricotti (2013) for the calculation of R local of primordial and dynamical BBHs based on the initial GC properties. We used a Schechter (1976) function with different parameters for the ICMF. "large" and "small" denote the initial distribution of the halfmass radii of GCs based on Larsen (2004) and Marks & Kroupa (2012) , respectively. For the GCMF for the calculation of R local from current GC properties, we used an evolved Schechter (Jordán et al. 2007 ) function and a log-normal distribution used in Rodriguez, Chatterjee & Rasio (2016) . A log-normal distribution for the initial size (r h ) distribution of GCs was used. For ρ GC , we took conservative, standard and optimistic cases from Rodriguez, Chatterjee & Rasio (2016) . We also considered a time-dependent ρ GC from Fujii, Tanikawa & Makino (2017) , as denoted by "F2017". See the text for more details.
Primordial BBH mergers (Section 4.1) We have also considered the time-dependent ρGC from Fujii, Tanikawa & Makino (2017) for old (T 10 Gyr) GCs. The total ρGC is slightly smaller (2.2 Mpc −3 ) than the optimistic case of Rodriguez, Chatterjee & Rasio (2016) . However, we obtain the merger rate density of 5.16 Gpc −3 yr −1 which is slightly larger than our optimistic case based on ρGC from Rodriguez, Chatterjee & Rasio (2016) because there are younger GCs with higher merger rates compared to GCs with ages of 12 Gyr (see Figs. 7 and 8) . Our estimates are similar in order of magnitude but systematically smaller than those from other studies such as ∼5 Gpc −3 yr −1 from Rodriguez, Chatterjee & Rasio (2016) (for the standard case) and 13 Gpc −3 yr −1 from Fujii, Tanikawa & Makino (2017) (see also Askar et al. 2017; Park et al. 2017 ) since our GCMF includes a larger number of GCs with lower masses which contribute less to the merger rate density compared to the more massive GCs. Using the same GCMF adopted in Rodriguez, Chatterjee & Rasio (2016), we obtain the merger rate density of 0.89, 2.02, 6.20 and 7.28 Gpc −3 yr −1 for conservative, standard, optimistic and time-dependent ρGC. On the other hand, as discussed in previous sections, most of BBH mergers based on the BBP distribution are dynamical mergers. We estimate the merger rate density of 0.84, 1.96, 5.88 and 6.77 Gpc −3 yr −1 for conservative, standard, optimistic and timedependent ρGC, respectively, using the evolved Schechter function GCMF. The estimate of the merger rate density becomes 1.15, 2.68, 8.04 and 9.26 assuming that the GCMF follows a log-normal distribution as used in Rodriguez, Chatterjee & Rasio (2016) . We summarize our estimates of the local merger rate density in Table 2 .
We point out that the calculation of the local merger rate density based on the cluster current properties includes only the contribution of surviving clusters. GCs dissolving before 12 Gyr of course can contribute to the population of BBH mergers and to take their contribution into account, a calculation like that presented in the previous section must be carried out.
Alternatively we can use a simple toy model for the evolution of a globular cluster system and assume the GC disruption proceeding from the low-mass GCs; using this simple model we can calculate the cumulative fraction of BBH mergers from surviving GCs as a function of the fraction of surviving GCs from our GC models introduced in Section 4.2. We show the result of this calculation in Fig. 12 . This figure provides an approximate estimate of the fraction of BBH mergers from GCs that still survive at the present-day. If we assume that only ∼3 per cent of GCs survive up to now as suggested by Gnedin, Ostriker & Tremaine (2014) for the Milky Way, the fraction of BBH mergers from surviving GCs varies from 0.3 to 0.7 (0.5 with Mmin = 10 4 M⊙ used in Gnedin, Ostriker & Tremaine 2014) depending on the ICMF. The local merger rates based on the current GC properties become comparable with those based on the initial GC properties with "small" size distribution when the contribution of merging BBHs from dissolving GCs is taken into account.
We conclude this section by pointing out that it is possible that YMCs can contribute to the local merger rate density. Banerjee (2017 Banerjee ( , 2018 have performed direct N -body simulations for YMC-like systems with post-Newtonian approximation implemented and found that YMCs can contribute the detection rate to a similar extent as more massive GC counterpart. Ziosi et al. (2014) have estimated the local merger rate density of 3.6 Gpc −3 yr −1 for BBHs originating from YMCs in the local Universe. Fujii, Tanikawa & Makino (2017) also have suggested from their direct N -body simulations that the local merger rate density can be up to a factor of ∼3 times larger when younger clusters with ages between 2 and 10 Gyr are included in the estimation of the merger rate density. Using the empirical relation for the time evolution of the merger rates in Eq. (4) and the GC formation rate adopted by Fujii, Tanikawa & Makino (2017) , we obtain a local merger rate density about ∼6 times higher when younger GCs are included. When younger clusters are included, an important aspect to consider is the well-known age-metallicity relation for GCs (e.g. Leaman, VandenBerg & Mendel 2013) . Fujii, Tanikawa & Makino (2017) considered the effects of the metallicity by limiting the mass of BHs and found that there is no significant effect on the local merger rates. This is, however, in contrast with the findings of Giacobbo, Mapelli & Spera (2018) who suggested that the number of BBH mergers per unit mass strongly depends on the metallicity. The study of Giacobbo, Mapelli & Spera (2018) is focused on primordial BBHs, but in the dense environment like GCs, the internal dynamics can in part compensate the effects of the metallicity (see e.g. Askar et al. 2017; .
Finally in this study, we did not consider the contribution to the merger rate density by the BBHs that merge inside GCs through the dynamical interactions and binary evolution. However, these in-cluster mergers become more important for very young clusters (Askar et al. 2017; Banerjee 2017 Banerjee , 2018 . According to Askar et al. (2017) , the contribution of these in-cluster mergers is about 20 per cent of the total merger rate through the entire evolution however becomes less than 1 per cent if the host GCs are old (T > 10 Gyr). It is also important to note that the rate of in-cluster mergers can increase substantially if the dissipative effects connected with GW radiation (i.e. three-body GW capture) are taken into account (Samsing, Askar & Giersz 2018) .
SUMMARY AND CONCLUSIONS
In this paper we have studied the formation of binary black holes (BBHs) in globular clusters (GCs) and explored the relation between the number and properties of merging BBHs and the structural properties of their host GCs. Our study is based on a large survey of Monte Carlo simulations following the dynamical evolution of GCs with a broad range of different initial masses, sizes and primordial binary properties.
Our results have revealed a close correlation between the number of BBH mergers escaping from GCs and the properties of host GCs such as the initial mass, half-mass radius and the fraction of primordial binaries (Figs. 1 and 4) .
We identified two groups of BBH mergers; one group is composed of primordial BBH mergers forming simply as a result of binary stellar evolution and escaping from GCs due to the natal kicks by supernova explosions. The second group is composed of dynamical BBH mergers forming as a result of binary-binary and binarysingle interactions in the GC dense environments and ejected from GCs through the dynamical interactions.
The number of primordial BBH mergers is correlated with the GC's initial mass and binary fraction (see Eq. 3), while we found that the number of dynamical BBH mergers produced in 12 Gyr is correlated with a parameter γ dyn (see Eq. 2) depending on the GC's initial mass and half-mass density (Figs. 2 and 3) . Interestingly we have shown that the number of dynamical BBH mergers correlates also with the same γ dyn parameter but defined in terms of the GC's current properties (Figs. 5 and 6 ). We provide analytic expressions describing the correlations between the number of BBH mergers and the host GC's properties and apply them to estimate the BBH merger rate for a few different models of GC populations but the expression provided in our study can be used more in general for GC populations with initial conditions different from those adopted in our calculations.
The specific properties of primordial and dynamical BBH mergers such as the merging time and the chirp mass distribution are very important for the estimate of the local merger rate and the detection rate. In general, we find that the merger rate decreases with time due to the continuous ejection of single and binary BHs from GCs (Fig. 7) . We showed that the time evolution of the merger rate for primordial BBH mergers decreases more rapidly than that for dynamical BBH mergers; this difference is due to differences between the formation and ejection timescales of the two groups of BBH mergers (Fig. 8) . The two groups of BBH mergers are characterized also by differences in the chirp masses. The dynamical BBH mergers contribute more massive BBH mergers compared to the primordial BBH mergers (Figs. 9 and 10) .
Based on the analytic expressions obtained from study, we estimated the local merger rates of BBHs escaping from GCs. The local merger rate for primordial BBHs depends only on the cosmological GC formation rate and we obtained a rate of 0.18-1.8 Gpc −3 yr −1 (Section 4.1) depending on the primordial binary fraction. To estimate the local merger rate for dynamical BBHs, on the other hand, it is necessary make an assumption on the initial distribution of GC masses and size. As pointed out above, the analytic expressions obtained in this paper allow to calculate the local merger rate for any assumption concerning these initial distributions. We estimated a local merger rate for dynamical BBHs of 1.3-18 Gpc −3 yr −1 depending on a variety of combinations of the initial GC mass function and size distribution (Section 4.2). We also estimated a local rate for dynamical BBH mergers from the current properties of surviving GCs equal to 0.6-9.3 Gpc −3 yr −1 (Section 4.3; see also Table 2 ), assuming all GCs have the same age and metallicity.
The production of BBH mergers from GCs also can be influenced by the formation and the presence of intermediate mass black holes (IMBHs) in GCs. Giersz et al. (2015) suggested that a seed BH for an IMBH can be formed by the runaway collisions of massive main-sequence (MS) stars (see also Portegies Zwart & McMillan 2002; Sakurai et al. 2017 ). This process will preferentially deplete the massive MS progenitors for stellar-mass BHs. Moreover, Trenti et al. (2007) have found that hard binaries can be disrupted by the interactions with the IMBH. These interactions between the IMBH and BBHs might result in the capture of one BH to the IMBH and the ejection of the companion BH (this IMBH-BH binary can deplete the stellar-mass BH population by ejection; see Leigh et al. 2014) , which is the possible source of intermediate mass ratio inspirals (IMRIs) for space-based GW detectors (e.g. Miller 2002; Sesana et al. 2009 ). Detailed investigations for the effects of the formation of IMBHs in GCs on the merger rate of stellar-mass BBHs will be studied in our forthcoming papers.
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